Objective: To evaluate the existence of beta-cell differentiation and proliferation in the low-dose streptozotocin (ld-STZ) mouse model of autoimmune diabetes. Design: We studied the expression of Reg protein and cytokeratin 20 (CK20), the presence of proliferative phenomena (judged by the incorporation of bromodeoxyuridine (BrdU)), and the co-expression of Reg, CK20 or BrdU with insulin. Materials and methods: Diabetes was induced in male C57Bl6/J mice by administration of ld-STZ. The animals were killed at days 10 and 23 from the beginning of the induction of disease. Five animals were used at each time point and each group was evaluated for blood glucose concentrations, insulitis, expression of Reg and CK20 pancreatic proteins and BrdU incorporation, together with staining for insulin by immunohistochemistry and laser confocal microscopy. Results: All mice treated with ld-STZ were hyperglycemic and histological investigation showed a mild or severe insulitis both at day 10 and at day 23. At day 10, immunochemistry revealed an intense expression of Reg and CK20 in pancreatic ducts in ld-STZ mice, but not in control mice. Reg and CK20 immunoreactive cells were also positive for insulin. In contrast, at day 23, pancreatic sections reacted weakly with anti-Reg and anti-CK20 antibody; co-localization with insulin was observed for both Reg and CK20. The incorporation of BrdU was observed only in insulin-positive cells in pancreatic sections from mice killed at day 10. Conclusions: These observations show an islet regeneration mechanism in response to an autoimmune attack, and that the ld-STZ mouse is a suitable model in which to evaluate intervention strategies.
Introduction
It has been demonstrated that, in embryonic life, pancreatic endocrine cells differentiate mostly from precursor cells located in ductal epithelium, a process called neogenesis (1) . In adult life, a low rate of beta-cell replication is sufficient to maintain a constant betacell number and the islet growth results largely from the replication of differentiated islet cells (2) . Nevertheless, beta-cell neogenesis in the adult pancreas has been shown to occur in some conditions, including partial pancreatectomy, duct ligation and betacell destruction with toxins, and in animal models of autoimmune diabetes such as non-obese diabetic (NOD), and interferon gamma (IFN-g) transgenic mice (3) (4) (5) (6) .
The administration of nicotinamide to 90% depancreatized rats induces pancreatic islet regeneration (7) . In the same model, screening of an islet-derived cDNA library identified a gene, called reg gene, that encodes a 165-amino acid protein with a 21-amino acid signal peptide (8) . Reg gene expression was observed in regenerating pancreatic islets from depancreatized rats, but not in normal ones. Subsequent studies have demonstrated that enhanced reg gene expression is linked to DNA synthesis in pancreatic islets (9, 10) . Immunocytochemistry has revealed that Reg protein is synthesized in and secreted from the regenerating beta cells and that its expression is closely associated with the regeneration of beta cells (11) .
Cytokeratins (CKs), immunocytochemical markers of epithelial cells, are tissue-type specific (12, 13) . In particular, CK20 is expressed in ductal epithelium and in the peripheral mantle region of neonatal rat islets (14) . It has been reported that CK20, when co-expressed with insulin, represents a useful marker for the differentiation of ductal cell into endocrine cells (15) .
In animal models of autoimmune diabetes, such as NOD mice, alfa cell neogenesis has been reported as a result of ductal epithelial proliferation and differentiation (16) .
Autoimmune diabetes may be induced in genetically susceptible mice by administration of multiple low doses of streptozotocin (ld-STZ). The ld-STZ mouse could represent a useful model for the study of beta-cell differentiation and regeneration, because it is possible to program the time of onset of diabetes and the appearance of islet damage, and to follow the various phases of evolution of the disease (17) .
In order to evaluate the existence of beta-cell regeneration in a model of autoimmune diabetes, we investigated the differentiation of ductal cells into insulin-producing cells in the ld-STZ model. For this purpose, we evaluated the expression of Reg protein and CK20 and their co-localization with insulin, by double immunohistochemistry and laser confocal microscopy analysis. In addition, the proliferation of insulin positive cells was evaluated. The incorporation of bromodeoxyuridine (BrdU), a thymidine analog normally incorporated into new DNA, was used as a marker for cell replication (18, 19) . BrdU and insulin double-positive cells were detected by double immunohistochemistry and laser confocal microscopy analysis. Different time points of the disease were investigated in order to define whether the observed effects were related to different stages of the islet destructive process.
Materials and methods

Animals
Twenty male C57Bl6/J mice, aged 6-9 weeks, were used. Diabetes was induced by i.p. administration of STZ (40 mg/kg body weight) daily in citrate buffer for five consecutive days. Animals were killed at two intervals from the beginning of the STZ treatment: at day 10 and at day 23. Five animals were used for each time point investigated, and control mice were included at each time point.
Blood analysis
Blood samples were obtained from the tail of nonfasting mice using heparinized hematocrit capillary tubes; plasma glucose values were determined by the hexokinase method using an automatic analyzer, and expressed as mmol/l.
Administration of BrdU
Mice were injected i.p. with a single dose of BrdU (100 mg/g body weight) dissolved in 0.007 N NaOH in normal saline and killed 12 h after administration of BrdU.
Immunohistochemistry
Pancreata were removed, snap-frozen in dry ice-cooled isopentane and stored at ¹80 ЊC for histological studies. Cryostat sections (5 mm thick) were cut from each pancreas at a distance of 60 mm from each other; two slides holding five serial sections were investigated.
Insulitis was investigated by staining with hematoxylin-eosin and scored as follows: none ¼ normal islet histology; mild ¼ minimal cellular infiltrate in the islets; severe ¼ extensive cellular infiltrate into the islet, with loss of the normal architecture.
Consecutive sections were immunostained for Reg or CK20, followed by staining for insulin using the indirect immunofluorescence technique, and studied by laser confocal microscopy (Zeiss LSM 310). All antibody incubations were for 1 h at room temperature, followed by two washings in PBS. The primary antibodies used were mouse anti-rat Reg monoclonal antibody, diluted 1 : 500; mouse anti-human CK20 monoclonal antibody, diluted 1 : 25 (Clone Ks 20·8; Dako, Copenhagen, Denmark); and guinea pig anti-insulin polyclonal antibody (Dako), diluted 1 : 50. All antibodies were diluted in PBS pH 7.5, 0.15 mol/l NaCl.
The secondary antibodies were Texas-Red goat anti-mouse IgG (Calbiochem San Diego, CA, USA) for the detection of Reg and CK20, and fluorescein isothiocyanate-conjugated rabbit anti-guinea pig IgG (Dako) for insulin detection.
In order to evaluate insulin and BrdU double-positive cells, sections were first incubated with the polyclonal antibody to insulin and revealed with the secondary fluoresceinated antibody, followed by DNA denaturation with 2 N HCl for 30 min at 37ЊC. Afterwards, sections were incubated with an anti-BrdU mouse monoclonal antibody, diluted 1 : 20 (Clone Bu20a; Dako) followed by Texas-Red-conjugated anti-mouse IgG. Slides were mounted in fluorescent mounting medium and stored in the dark. Sections were analyzed by confocal laser microscopy.
Statistical analysis
Values are expressed as mean Ϯ S.E.M. The significance of differences in blood glucose concentrations was assessed by the Mann-Whitney U test.
Results
Blood glucose concentrations and body weight
At day 10, blood glucose concentrations were 19.46 Ϯ 1.8 mmol/l (mean Ϯ S.E.M.) in ld-STZ-treated mice and 8.24Ϯ0.34 mmol/l in control mice, whereas body weights were 20.2 Ϯ 1.0 g and 23.4 Ϯ 1.5 g, respectively. At day 23, glycemic values were 18.24 Ϯ 2.2 mmol/l in STZ mice and 7.94 Ϯ 1.4 mmol/l in untreated animals, whereas body weights were 20.6 Ϯ 2.0 g and 24.0 Ϯ 1.5 g, respectively. Both at day 10 and at day 23, all STZ-treated animals showed blood glucose concentrations above the normal range and significantly greater than those in control mice (ld-STZ 12 and ld-STZ 24 vs control mice; P < 0.01), and a body weight lower than that of the control mice (ld-STZ 12 vs control mice; P < 0:02; ld-STZ 24 vs control mice; P < 0:01).
Islet and pancreas histology
Insulitis At day 10, islets from mice treated with STZ showed 6.5% of islets without lymphocyte infiltration, 69.8% of islets with a mild grade of insulitis and 23.7% of islets with a severe grade of insulitis (Fig. 1a) . At day 23, we observed 1.4% of islets with normal architecture without evidence of insulitis, 62.8% of islets with a mild insulitis and 35.8% of islets with a severe grade of insulitis (Fig. 1b) . No lymphocytic infiltration was observed in control animals.
Expression of Reg protein
In ld-STZ animals, at day 10, the expression pattern of Reg revealed that anti-Reg antibodies reacted intensively with pancreatic ducts (Fig. 2a, red) and cell clusters (Fig. 3a, red) . These results were observed in all the animals killed on day 10. The same sections showed insulin immunoreactivity (Figs 2b and 3b; green), as evidence that Reg protein is expressed in insulin-producing cells (Figs 2c and 3c; blue) . At day 23, the expression pattern of Reg, similar in all the animals killed, showed a weak reaction with anti-Reg antibodies (Fig. 4a, red) . The same sections showed weak insulin immunoreactivity (Fig. 4b, green) and Reg-immunoreactive cells showed insulin immunoreactivity (Fig. 4c, blue) .
In normal mice, double positivity for Reg and insulin was not detected.
Expression of CK20
In ld-STZ mice, at day 10, the distribution pattern of CK20 revealed that anti-CK20 antibody reacted intensively with ducts and ductules, but not with islets (Fig. 5a, red) . The same results were obtained in all the mice killed at day 10. The same section showed an intense staining for insulin (Fig 5b,  green) . CK20-positive cells showed co-staining with insulin, demonstrating that CK20 protein is expressed in insulin-producing cells (Fig. 5c, blue) . At day 23, the staining of anti-CK20 and insulin antibodies was weak ( Fig. 6a, red; Fig. 6b , green) in all the mice killed, and the CK20-immunoreactive cells showed co-localization with insulin (Fig. 6c, blue) .
In normal mice, double positivity for CK20 and insulin was not revealed. BrdU labeling In the ld-STZ mice, at day 10, the incorporation pattern of BrdU showed that a number of BrdU-positive cells were present in pancreatic sections (Figs 7a and 8a; red) . These results were observed in all the animals killed at day 10. The same section was stained for insulin ( Fig. 7b and 8b; green) . Among the BrdU-positive cells, some showed co-staining with insulin antibodies (Figs 7c and 8c; blue) .
At day 23, all sections investigated failed to demonstrate BrdU incorporation.
In normal mice, the incorporation of BrdU into pancreatic islets was not observed.
Discussion
In this study, we have demonstrated that differentiation and proliferation of insulin-producing cells are detectable in pancreatic ducts and ductules in the early phases of the islet destructive process in a model of autoimmune diabetes, the low-dose streptozotocin (ld-STZ) mouse.
All mice treated with ld-STZ remained hyperglycemic throughout the study. At day 10, Reg-CK20-or BrdUpositive cells were insulin immunoreactive, reflecting differentiation and proliferation of beta cells from ducts and ductules. The existence of a regenerating process in the early stages of autoimmune damage, but not later, suggests that factors released during the early damaging process may trigger the precursor/stem cells that induce islet regeneration events (20, 21) .
Our findings demonstrated the expression of Reg protein and its co-localization with insulin in ductal cells in the early stages of the disease. This suggests that this protein is strongly associated with beta-cell neogenesis. The expression of Reg protein in a model of autoimmune diabetes, the ld-STZ mouse, is in agreement with recent findings, in NOD mice and BB rats, of a significant increase in Reg mRNA expression during active diabetogenesis (22, 23) . In addition, a recent study has shown that the administration of recombinant rat Reg protein is able to stimulate the regeneration of beta cells (24) .
As far as the expression of CK20 is concerned, we observed a co-localization with insulin, thus confirming the existence of transitional cytodifferentiation forms between ductal and islet endocrine cells. In accordance with other investigators, we have observed a transitory expression of CK20 in duct beta cells of diabetic mice, suggesting that its expression may represent a final step in the differentiation pathway (15) . The double positivity for Reg or CK20 with insulin in the ductal cells also confirms the hypothesis that the pancreatic stem cells responsible for islet cell neoformation appear to be located in the ductal compartment (25) .
Our study showed BrdU-insulin double-positive cells in different sections from the same portions of pancreata in which Reg-and CK20-positive cells had already been detected. This observation demonstrates the existence of active proliferation of insulin-positive cells in those same pancreata in which phenomena indicative of beta-cell neogenesis are present.
The observation of early, but not late, regenerating process in our animal model may reflect the progression of autoimmune damage, the lack of a growth factor appropriate to prolonged beta-cell proliferation, or both. This last point is reinforced by a recent report that, in transgenic mice overexpressing gastrin and transforming growth factor a (TGFa), islet neogenesis can be reactivated in the ductular epithelium by local expression of the two growth factors, gastrin and TGFa (26, 27) .
It is current opinion that beta-cell neogenesis occurs only after deletion of most of the original population of mature beta cells (28) . In contrast, in our study, we have demonstrated beta-cell differentiation and proliferation in the early stages of damage, which may suggest an attempt to restore the number of beta cells killed by the autoimmune attack.
In conclusion, this study represents a direct demonstration of ductal beta-cell differentiation and proliferation in an autoimmune model of diabetes, the ld-STZ mouse. Moreover, Reg protein is demonstrated to be a useful marker for the evaluation of beta-cell neogenesis. In addition, the co-expression of CK20 with insulin in ductal cells is confirmed as a marker of ductal differentiation into endocrine cells. Preventive or therapeutic strategies aimed at the regeneration of beta cells through the enhancement of the mechanisms involved in beta-cell growth and differentiation should be tested in this model.
